cell fate determination ͉ development ͉ gene regulation ͉ retina ͉ synaptic organization N euronal cell fate is determined by a hierarchical, stepwise process of binary decisions, commencing with multipotent progenitors that give rise to distinct cell lineages (1) (2) (3) . The neural retina is an attractive model to investigate cell-fate determination; it contains seven major cell types that derive from common pool(s) of multipotent progenitor cells (4, 5) . These retinal progenitors pass through sequential waves of competence, during which postmitotic cells can be specified to only a subset of neuronal fates (1, 6) . Birth-dating studies in rodents indicate that ganglion cells, horizontal cells, cone photoreceptors, and amacrine cells are born prenatally, whereas most rod photoreceptors, bipolar cells, and Müller glia are generated postnatally (7) (8) (9) . The orderly sequence of cell birth and a considerable overlap in their generation suggest a sequential program of cell intrinsic mechanisms and extrinsic signals that control cell fate decisions (10) (11) (12) (13) (14) (15) (16) .
Each neuronal lineage is meticulously established by highly coordinated transcription factor network(s) in response to local microenvironmental cues (17) . Although extrinsic factors can promote differentiation (18, 19) , heterochronic mixing experiments demonstrate that progenitor cells at a particular time in development cannot be induced to generate temporally inappropriate cell types (1, 20) . Additionally, intrinsic priming of retinal progenitors appears to supersede the influence of environmental signals in specifying cell fate (21) . Whether commitment of lineage-restricted precursors to a specific differentiation pathway is unidirectional has not been clearly elucidated.
Postmitotic plasticity was first revealed in low-density retinal cell cultures derived from embryonic chicks; cells isolated on embryonic day (E)6 became photoreceptors shortly after terminal mitosis, whereas those from E8 embryos gave rise to nonphotoreceptors, suggesting that the fate of a cell could be changed in response to the microenvironment (22) . In another demonstration of cellular plasticity, treatment of retinal explants with ciliary neurotrophic factor (CNTF) was sufficient to block rhodopsin expression in postmitotic rod precursors and resulted in the expression of bipolar interneuron markers (23) . Interestingly, ETS transcription factors are selectively expressed during motor and sensory neuron development but only after their axons reach the periphery, suggesting that these proteins confer postmitotic subtype identity during the establishment of selective connections (24, 25) . These findings indicate that neural identity can be specified even after the terminal cell cycle exit; however, direct in vivo evidence of postmitotic plasticity has not been reported.
The Maf-family transcription factor Nrl is expressed specifically in postmitotic rod photoreceptors of the retina and in the pineal gland (26, 27) . NRL interacts with the homeodomain protein CRX (28), orphan nuclear receptor NR2E3 (29) , and other retinal proteins (30) (31) (32) to regulate the expression of rod-specific genes (26, 33) . NRL is essential for rod differentiation, because rods are transformed to functional S-cones in the Nrl Ϫ/Ϫ mouse retina (26, 34, 35) . The apparent switch from rod to S-cone fate in the Nrl Ϫ/Ϫ mouse suggests that postmitotic photoreceptor precursors retain some degree of plasticity. In this report, we generated a series of transgenic mice that express Nrl during early and late stages of photoreceptor differentiation in WT or Nrl Ϫ/Ϫ background. We demonstrate that NRL is sufficient to guide postmitotic photoreceptors toward rod lineage and that photoreceptor precursors are competent to make binary decisions of acquiring rod versus cone identity.
Results

Overexpression of Nrl in Photoreceptor Precursors Drives Rod Differ-
entiation at the Expense of Cones. We hypothesized that if cones develop from a unique pool of competent cells, early cone precursors would not be responsive to NRL. On the other hand, transformation of cone precursors to rods by NRL would indicate an intrinsic capacity to give rise to both rods and cones. To directly test this, we generated transgenic mouse lines (Crxp-Nrl/WT) expressing Nrl under the control of a previously characterized 2.5 kb proximal promoter of the Crx gene (CrxpNrl), which is specifically expressed in postmitotic cells that can develop into either cone or rod photoreceptors (36, 37) .
Light micrographs of semithin (plastic) sections of CrxpNrl/WT mouse retina showed normal laminar organization ( Fig.  1 A and B) . Immunofluorescence studies demonstrated comparable rhodopsin expression relative to WT and Nrl Ϫ/Ϫ mice (Fig.  1 E-G) ; however, staining of cone-specific markers [cone arrestin, peanut agglutinin (PNA), S-opsin, and M-opsin] was undetectable in cryosections and flat-mount preparations from transgenic retinas (Fig. 1 I-K , and data not shown). Confocal examination of the outer nuclear layer revealed only the photoreceptor nuclei with dense chromatin [supporting information (SI) Fig. 6 A and B] that are characteristics of rods in the WT retina (38) . Dark-adapted corneal flash electroretinograms (ERGs) from Crxp-Nrl/WT mice revealed normal rod function even at 6 mo ( Fig. 1 M and N and data not shown) , whereas the cone-derived photopic ERG response was absent at all ages ( Fig.  1 O and P, and data not shown). These studies suggested a complete absence of cone functional pathway in the Crxp-Nrl/WT mice. Consistent with these results, quantitative RT-PCR analysis demonstrated no expression of cone phototransduction genes in the Crxp-Nrl/WT retina, with little or no change in rod-specific genes (SI Fig. 6C ).
We then bred the Crxp-Nrl transgenic mice into the Nrl Ϫ/Ϫ background (Crxp-Nrl/Nrl Ϫ/Ϫ ) to test whether Nrl expression in a cone-only retina could convert a retina composed solely of cones to rods as seen in the Crxp-Nrl/WT mice. Analysis of retinal morphology uncovered a remarkable transformation of a dysmorphic retina with whorls and rosettes in the Nrl Ϫ/Ϫ mice (34) to a WT-like appearance ( Fig. 1 C and D) . Images from toluidine blue-stained retinal sections revealed clear extended outer segments and a highly organized laminar structure (Fig. 1D) . Similar to the WT (38) , and unlike the all-cone retina in Nrl Ϫ/Ϫ mice (34), the outer nuclear layer of Crxp-Nrl/Nrl Ϫ/Ϫ retina had rod-like nuclei with dense chromatin. Immunolabeling of adult Crxp-Nrl/Nrl Ϫ/Ϫ retinal sections demonstrated a complete absence of cone proteins (cone arrestin data are shown in Fig. 1L ). In contrast to the Nrl Ϫ/Ϫ retinas (Fig. 1G) , Crxp-Nrl/Nrl Ϫ/Ϫ mice displayed normal levels of rhodopsin (Fig. 1H) . No photoreceptor degeneration was evident by histology or ERG at least up to 6 mo (Fig. 1 , data not shown).
Retinal Synaptic Architecture Is Modified in the Absence of Cones.
Given that a complete rod-only retina did not reveal gross changes in retinal morphology, we contemplated whether cones are essential for proper development and lamination of coneconnected neurons. Cones are presynaptic to dendrites originating from the cell bodies of horizontal cells and to at least nine different types of cone bipolar neurons (39, 40) . Immunostaining of Crxp-Nrl/WT retinas with a panel of cell-type-specific antibodies (41) did not reveal any major difference in the distribution of the marker proteins for horizontal, bipolar, amacrine, and glial cells (Fig. 2) . Despite the absence of cones, it was apparent that both the ON and OFF subtypes of cone bipolar cells were retained ( Fig. 2 A, B , and E). All ON bipolar neurons (both rod and cone bipolar cells) carried metabotropic glutamate receptors on their dendritic tips (mGluR6), and thus, presumably, they were postsynaptic to rod spherules. It was unclear from these studies whether cone bipolar cells belonging to the OFF functional type received synapses from rod photoreceptors. The dendrites of one type of OFF cone bipolar cells, marked with Neurokinin receptor 3 (NK3-R), form basal (or flat) junctions with cone pedicles in the outer plexiform layer (SI Fig. 7 ). Although confocal microscopy does not reach the necessary resolution to detect such putative contacts, it is apparent from the preparations that not all of the dendrites of NK3-R-positive cone bipolar cells come in close apposition to the rod spherules and that basal junctions are therefore unlikely (Fig. 2E) . It remains to be established whether and how rod spherules make connections to OFF cone bipolar cells and whether the OFF channel gains access to the scotopic pathway.
To study the morphology of horizontal cells, we stained Crxp-Nrl/WT retinas with a calbindin antibody (Fig. 2F) . Although no gross changes were observed, we noticed rare ectopic sprouts emerging from the outer plexiform layer and extending into the outer nuclear layer. Other examined markers also revealed a normal distribution throughout the retina (see Fig. 2 G-I). AII amacrine neurons exhibited their peculiar bistratified morphology (Fig. 2G) . Cholinergic amacrine cells (Fig. 2 H and  I) showed a typical distribution in two mirror-symmetric populations. Dopaminergic amacrines and Müller glial cells also showed normal organization (data not shown). Thus, besides the likely reconnections of ON cone bipolar and horizontal cells to rods, the retina from Crxp-Nrl/WT mice was indistinguishable from WT.
Ectopic Expression of NRL Can Suppress Cone Function and Induce Rod
Characteristics in a Subset of Photoreceptors Expressing S-opsin. The onset of S-opsin expression begins at E16-E18 in rodents (42, 43) . To further delineate NRL's role in cell fate determination, we generated transgenic mouse lines (BPp-Nrl/WT) expressing NRL under the control of a previously characterized S-opsin promoter (44) . Immunostaining revealed a significant decrease of S-opsin-positive cells in the inferior region of flat-mounted retinas (Fig. 3A) . Consistent with histological and immunohistochemical analysis, ERGs from the BPp-Nrl/WT mice showed a 50% reduction in the photopic b-wave amplitude compared with the WT (Fig. 3B) ; however, scotopic ERG a-and b-wave amplitudes were largely unaffected (data not shown).
We then transferred the BPp-Nrl transgene to the Nrl Ϫ/Ϫ background (BPp-Nrl/Nrl Ϫ/Ϫ ) mice. Ectopic expression of Nrl in the all-cone Nrl Ϫ/Ϫ retina, even at this stage (i.e., under the control of S-opsin promoter), resulted in rhodopsin staining in the ONL; however, as in the Nrl Ϫ/Ϫ mice ( Fig. 3 C-F ) the outer and inner segments remained stunted (Fig. 3 G-N) . The BPpNrl/Nrl Ϫ/Ϫ retina also revealed hybrid cells that expressed both S-opsin and rhodopsin in ONL, INL, and ganglion cell layer (Fig.  3 G-N; SI Fig. 8A ). ERG data showed that, although the phototopic b-wave (cone-derived) was somewhat reduced, the scotopic b-wave amplitude was still undetectable in BPp-Nrl/ Nrl Ϫ/Ϫ mice (data not shown).
To examine the fate of S-opsin-expressing cells, we mated the BP-Cre transgenic mice (that expresses Cre-recombinase under the control of the same S-opsin promoter) (44) with the R26R reporter line and the BPp-Nrl/WT line (SI Fig. 8 B-K) . A large number of Cre-negative cells were labeled with ␤-galactosidase in the BP-Cre; R26R; BPp-Nrl/WT background (SI Fig. 8 B-K) . Approximately 40% of ␤-galactosidase-positive cells did not colocalize with S-opsin. Their position in the ONL and the lack of S-opsin staining indicate that these are rod photoreceptors, suggesting a possible fate switch in response to ectopic NRL expression. However, we could not validate their identity as rods because the rod marker, rhodopsin, does not clearly label the nuclear layer. TUNEL staining of sections from E18 retina did not detect obvious differences between WT and BPp-Nrl/WT mice (data not shown).
NRL Can Associate with Cone-Specific Promoter Elements. NRL is established as a positive transcriptional regulator of rod-specific genes (28, 31, 33, (45) (46) (47) . To examine whether NRL can directly modulate cone-specific promoters, we screened 3 kb of 5Ј upstream promoter regions of the two cone-expressed genes, Thrb [encoding Tr␤2 that is involved in M-cone differentiation, (14) ] and S-opsin, for the presence of Nrl or Maf response element (NRE/MARE) (46) . Oligonucleotides spanning the single putative NRE sites, identified within the Thrb and S-opsin promoters, were used for EMSA with bovine retinal nuclear extracts. We detected a shifted band that could be specifically competed by the addition of 50-fold molar excess of unlabeled NRE-oligonucleotide but not a random oligonucleotide (Fig. 4  A and B) . The addition of anti-NRL antibody abolished the shifted band for the Tr␤2 oligonucleotide (Fig. 4A) , whereas S-opsin promoter-protein complex demonstrated an increased mobility in the native polyacrylamide gel (Fig. 4B) . Notably, disappearance of the shifted band may occur because of the dynamic nature of some DNA-protein interactions, whereas the net charge-to-mass (e/m) ratio of the ternary complex determines their rate of mobility in a native polyacrylamide gel (48) . Similar results were obtained when the radiolabeled oligonucle- To further evaluate the association of NRL with Thrb and S-opsin promoter elements in vivo, we performed ChIP assays using WT embryonic and adult mouse retinas. PCR primer sets spanning the Thrb and S-opsin NRE-amplified specific products with DNA immunoprecipitated with the anti-NRL antibody but not with the rabbit IgG (Fig. 4C) . ChIP experiments using the Nrl Ϫ/Ϫ mouse retina (negative control) did not reveal specific amplified products (Fig. 4C) .
Discussion
Specification of neuronal cell fate involves changes in progenitor competence over time (1) . In the developing retina, progenitor cells show heterogeneity in their developmental competence and have the potential to produce many or all fates. Genesis of rod photoreceptors overlaps with the birth of all other retinal cell types. How regulatory factors orchestrate this decision-making has not been clearly delineated. Because CRX is expressed in all postmitotic photoreceptor precursors (36), we hypothesized that CRX-expressing cells are not committed to a specific fate and are plastic, and that NRL dictates the rod fate over a developmental time window. Our transgenic data (see Fig. 1 ) strongly supports the hypothesis of postmitotic plasticity (see ref. 22 ) in mammalian retina, because expression of NRL in even CRXexpressing cone precursors produces functional rods. It is therefore the timing of expression, availability, and amount/activity of NRL that determine whether the postmitotic precursor will acquire a rod or a cone fate ( Fig. 5; SI Fig. 9) . Surprisingly, ectopic expression of NRL can still drive a subset of presumptive S-opsin-expressing cone photoreceptors toward the rod lineage, although not to a fully functional phenotype.
NR2E3 is a photoreceptor-specific orphan nuclear receptor that is shown to suppress cone-specific gene expression in cultured cells (49, 50) and in transgenic mice (37) . NRL is upstream of NR2E3 in regulatory hierarchy of photoreceptor differentiation (29, 34) and is an established activator of rodspecific genes (33, 51) . It was therefore of interest to examine whether NRL can also directly suppress cone genes or all of its effects on cone differentiation are mediated by NR2E3. The finding of NRL binding to Thrb and S-opsin promoter sequences suggests that NRL functions, probably together with NR2E3, in suppressing cone differentiation in vivo. NRL's role as a transcriptional repressor is not surprising, because key regulatory proteins can control transcription through context-dependent combinatorial mechanisms (52) . Notably, distinct phosphorylated isoforms of NRL are expressed during retinal development (27) , and phosphorylation differences are suggested to modulate transcriptional activity of NRL by altering nuclear translocation, DNA binding, or protein interactions (63) . Additional studies are required to evaluate whether different NRL isoforms participate in transcriptional activation versus repression during early photoreceptor development.
The loss of cones produces an alteration in retinal synaptic connectivity such that ON cone bipolar cells are now connected to rods in the absence of their natural synaptic partner (i.e., cones). Our results complement the previous findings (53) , demonstrating that neurons of the rod pathway are recruited by newly generated cones in the Nrl Ϫ/Ϫ retina. Our data provide support to the hypothesis that, although intrinsic mechanisms may guide the formation of synaptic connections, the strength(s) of afferent input determine the final establishment of synaptic circuitry (54) (55) (56) . In the cone-only Nrl Ϫ/Ϫ retina and the rod-only transgenic mice reported here, a lack of input from the other competing afferent neurons leads to functional synaptic connections that are not usually observed in the WT mouse retina.
Our studies establish that NRL is not only essential (34) but is also sufficient for rod genesis. To what extent NRL can dictate rod specification in proliferating cells or other subsets of retinal precursors will require further investigations using transgenic mice expressing NRL under the control of early cell-type promoters. In utero infection of mouse embryonic retinas (57) with Nrl may also demonstrate whether we can stretch the developmental potential of retinal progenitors. Our studies give rise to the prospect of exploiting the plastic nature of retinal precursors to replenish dying rods in degenerative retinal diseases by ectopic NRL expression in retinal stem cells (58, 59) or by transplantation of NRL-expressing progenitors (60) .
Materials and Methods
Plasmid Constructs and Generation of Transgenic Mice. A 2.3-kb mouse Crx promoter DNA (from Ϫ2286 to ϩ72, GenBank accession nos. AF335248 and AF301006) and the Nrl coding region (GenBank accession no. NM008736) with an additional Kozak sequence were amplified and cloned into a modified promoterless pCl (pCIpl) vector (44) . The 3.7-kb Crxp-Nrl insert was purified and injected into fertilized Nrl Ϫ/Ϫ (mixed background of 129 ϫ 1/SvJ and C57BL/6J) mouse oocytes (University of Michigan transgenic core facility). Transgenic founders were bred to the Nrl Ϫ/Ϫ mice to generate F 1 progeny. The progeny was also mated to C57BL/6J to generate Crxp-Nrl/WT mice. The BPp-Nrl transgenic mice were generated in a similar manner, except that a 520-bp mouse S-opsin promoter DNA (44) was used. All studies involving mice were performed in accordance with institutional and federal guidelines and approved by the University Committee on Use and Care of Animals at the University of Michigan.
Immunohistochemistry and Confocal Analysis. Retinal sections and dissociated cells were prepared as described (29, 41) and probed with specific antibodies (listed in SI Methods). Sections were visualized under an Olympus FluoView 500 laser scanning confocal microscope (Olympus, Melville, NY) or a Leica TSC Fig. 5 . A model of photoreceptor specification. Otx2 and Rb influence multipotent retinal neuroepithelial cells to exit cell cycle. We hypothesize that Crx is the competence factor in postmitotic photoreceptor precursors. The cells that express Nrl are committed to rod photoreceptor fate, with subsequent expression of Nr2e3. The cells expressing only Crx are cone precursors. We propose that a degree of plasticity exists in early retinal development, such that changes in Nrl and/or Nr2e3 expression can lead to alterations in final ratio of rod and cone photoreceptors. Additional transcription factors (14, 62) are required to guide the development to mature photoreceptors.
NT confocal microscope (Leica Microsystems, Milan, Italy), equipped with an argon-krypton laser. Images were digitized by using FluoView software version 5.0 or Metamorph 3.2 software.
ChIP. Mouse retinas from different developmental stages were subjected to ChIP analysis using a ChIP-IT kit (Active Motif, Carlsbad, CA). IP was performed by using anti-NRL or normal rabbit Ig (IgG). PCR primers, derived from the Thrb and S-opsin promoter region (GenBank accession nos. NT039340.6 and NT039595.6, respectively) spanning the putative NRE, were used for amplification (from nucleotides 26331250 to 26331458 and 13773280 to 13773502, respectively) by using immunoprecipitated DNA as template. The albumin PCR primers were 5Ј-GGACACAAGACTTCTGAAAGTCCTC-3Ј and 5Ј-TTC-CTACCCCATTACAAAATCATA-3Ј.
EMSA. Oligonucleotides spanning the putative NRE were radiolabeled by using [␥-] 32 P-ATP (Amersham Biosciences, Piscataway, NJ) and incubated in binding buffer (20 mM Hepes, pH 7.5/60 mM KCl/0.5 mM DTT/1 mM MgCl 2 /12% glycerol) with bovine retinal nuclear extract [RNE; (30) ] (20 g) and 50 g/ml poly(dI-dC) for 30 min at room temperature, as described (61) For competition experiments, nonradiolabeled oligonucleotides were used in molar excess of the labeled oligonucleotides. In some experiments, antibodies were added after the incubation of 32 P-labeled oligonucleotides with RNE. Samples were analyzed by 7.5% nondenaturing PAGE, followed by autoradiography.
